Gardnerella vaginalis is associated with a spectrum of clinical conditions, suggesting high degrees of genetic heterogeneity among stains. Seventeen G. vaginalis isolates were subjected to a battery of comparative genomic analyses to determine their level of relatedness. For each measure, the degree of difference among the G. vaginalis strains was the highest observed among 23 pathogenic bacterial species for which at least eight genomes are available. Genome sizes ranged from 1.491 to 1.716 Mb; GC contents ranged from 41.18% to 43.40%; and the core genome, consisting of only 746 genes, makes up only 51.6% of each strain's genome on average and accounts for only 27% of the species supragenome. Neighbor-grouping analyses, using both distributed gene possession data and core gene allelic data, each identified two major sets of strains, each of which is composed of two groups. Each of the four groups has its own characteristic genome size, GC ratio, and greatly expanded core gene content, making the genomic diversity of each group within the range for other bacterial species. To test whether these 4 groups corresponded to genetically isolated clades, we inferred the phylogeny of each distributed gene that was present in at least two strains and absent in at least two strains; this analysis identified frequent homologous recombination within groups but not between groups or sets. G. vaginalis appears to include four nonrecombining groups/clades of organisms with distinct gene pools and genomic properties, which may confer distinct ecological properties. Consequently, it may be appropriate to treat these four groups as separate species.
G
ardnerella vaginalis is a facultative anaerobic coccobacillus that has a Gram-positive cell wall structure (28) but stains as a Gram-indeterminate bacterium because its cell wall is very thin, which allows it to appear as either Gram positive or Gram negative. G. vaginalis has been recovered from women with upper reproductive tract infections, including endometritis and pelvic inflammatory disease, as well as asymptomatic women, but it is most often observed and isolated as the dominant microorganism in the vaginal microflora of women suffering from bacterial vaginosis (BV), a highly prevalent disease affecting 10% to 40% of women of reproductive age (2, 13, 42, 68) . BV is characterized by a malodorous vaginal discharge (65) as well as reduced vaginal acidity and the presence of clue cells (1) . Clue cells are bacterium-covered human epithelial cells present in the vaginal discharge of women with BV. A Gram-stained BV sample usually shows a high prevalence of Gardnerella morphotypes and a deficiency of the lactobacillus morphotypes that are normally found in the vagina; these changes form the basis of the Nugent score for diagnosis of BV (33) . BV is associated with increased risks for preterm delivery (33, 53) , intrauterine growth retardation (22) , pelvic inflammatory disease (26) , postpartum endometritis (76) , and HIV infection (69) . Women with laboratory evidence of BV, but no symptoms, may still be at increased risk for adverse health outcomes. In addition, G. vaginalis has been associated with extrareproductive tract infections, including vertebral osteomyelitis (24) , acute hip arthritis (63) , and retinal vasculitis (51) .
G. vaginalis-associated BV follows a variable clinical course but is prone to therapeutic failure, leading to persistence or recurrence and the formation of metronidazole-resistant biofilm infections (67) . The ecological paradox of G. vaginalis being associated with both asymptomatic commensalism and BV could be explained by genotypic differences among strains that result in substantially different clinical phenotypes. Attempts to classify G. vaginalis strains based on laboratory phenotype have not been shown to be clinically relevant (3, 49, 74) . Consequently, and because no closely related organisms are known to exist, surveys of G. vaginalis prevalence among the general population do not distinguish between those bacteria that have high 16S rRNA sequence identity to the G. vaginalis type strain (ATCC 14018; GenBank accession no. M58744.1) and those that do not. These single-gene comparison studies and laboratory pheno-typing assays are not capable of monitoring the large number of genes whose presence or absence can play a major role in determining bacterial phenotype (47) . Genic content differences among G. vaginalis strains may underlie the diverse pathological features, outcomes, and sequelae that have been associated with this species. Thus, it is important to identify the gene possession differences that may be responsible for the production of particular clinical phenotypes in order to take appropriate measures to prevent adverse health outcomes. Two prior genomic studies have approached this problem by comparing an isolate from a diseased patient to an isolate from an asymptomatic carrier of G. vaginalis (29, 78) . Both studies identified differences in gene content, and yet the link between these differences and their pathogenic potential remains speculative, in part due to the fact that a pathogen may be present even in individuals who are not diseased, as is often seen in nasopharyngeal pathogens such as Haemophilus influenzae (15, 23, 43, 50, 77) and Streptococcus pneumoniae (60, 61) . In addition, individuals are often found to carry multiple strains of G. vaginalis, any of which might be responsible for pathogenicity (11) . To complicate matters further, carriers may remain asymptomatic even in cases of a dense colonization with G. vaginalis, as indicated by a high Nugent score (53) . All of these factors, combined with a very incomplete understanding of the species-level supragenome and the gene possession differences among strains, make it difficult to understand the correlation between G. vaginalis genic content and pathogenicity. Therefore, to understand the genetic diversity underlying the virulence properties of G. vaginalis, a more complete characterization of its genetic potential is necessary.
The distributed genome hypothesis (DGH) states that bacterial pathogens associated with chronic infection are able to quickly adapt to changing conditions (e.g., nutritional shift, polyclonal infection, host immune response, antibiotic therapy, etc.) by acquiring novel genes from conspecifics (16, 17, 19) . Phylogenetic modeling has shown that strains within the pateurellaceae lacking functional com genes are most likely of recent origin. The lack of ancient strains without a functional com regulon suggests that there exists selective pressure for the maintenance of transformation-promoting genes (58) . Thus, genes involved in DNA uptake can be thought of as "population-level virulence" factors (35, 37) . This hypothesis helps explain the fact that independent isolates of a bacterial species share a core set of genes but that many of the genes of a species are distributed only in subsets of individual strain genomes (16, 17, 19, 35, 70, 71) . The DGH posits that pathogens that establish chronic polyclonal infections have strainspecific subsets of distributed genes that augment the species-defined core genome and that continual admixture of the distributed genes among strains creates a species-wide "supragenome" (or "pan-genome") which serves as an evolutionary strategy to maximize the population fitness of the species under diverse environmental conditions. Modern high-throughput genome-sequencing and analysis techniques now permit the direct investigation of horizontal gene transfer (HGT) during polyclonal infections (18, 31) . One of the tenets of the DGH is that strains of a species exchange DNA via one or more HGT mechanisms; if HGT is not observed among strains, i.e., if they are evolving independently of one another due to a barrier for gene exchange, then it suggests either that ongoing speciation is present or that the strains involved belong to separate species.
MATERIALS AND METHODS
Strain acquisition, culture, and DNA preparation. All G. vaginalis strains sequenced for this study were clinical isolates obtained from the MageeWomens Research Institute. These isolates produced betahemolytic reactions on human blood Tween (HBT) bilayer agar (Becton, Dickinson, Franklin Lakes, NJ) when incubated at 37°C in 6% CO 2 (72) . All isolates were catalase-negative, gram-variable rods. Several have been described previously (49) . Biotyping assays were conducted as previously described (49) .
A single colony of each strain was used to prepare an inoculum in 1ϫ phosphate-buffered saline (PBS) for lawn growth on HBT agar plates, as these strains form robust biofilms but tend to culture poorly in liquid media. Each strain was spread on 4 plates and incubated for 30 to 40 h as described above, after which the lawns for each strain were scraped together into PBS and the bacteria subjected to pellet formation by centrifugation at 5,500 ϫ g. The bacteria were resuspended in TE buffer (10 mM Tris [pH 7.2], 1 mM Na 2 EDTA) and lysed by the addition of 10% sodium dodecyl sulfate and RNase at 37°C for 1 h; proteinase K was then added and incubation continued at 55°C for 1 h followed by the sequential addition of NaCl, alkyltrimethyl-ammonium bromide (CTAB), and a 24:1 mixture of CHCl 3 :isoamyl alcohol. After mixing and centrifugation (6,000 ϫ g), the aqueous phase was removed and the DNA precipitated with isopropanol and then centrifuged and washed 3 times with 70% ethanol. The recovered high-molecular-weight DNA was then quantified using UV A260/280 absorption spectroscopy and agarose gel electrophoresis; quality was evaluated using an Agilent Bioanalyzer.
To test for the presence of plasmids, strains were lawn grown and scraped into PBS as described above, plasmid DNA preparations were performed using a Qiaprep Spin minikit (Qiagen, Germantown, MD), and the samples were run on a 1% agarose gel.
Genomic sequencing. All sequences generated at the Center for Genomic Sciences (CGS) were obtained using Roche/454 Life Sciences GS FLX Titanium sequencing technology. Individual fragment libraries were prepared from the DNA of each of the 12 G. vaginalis strains to be sequenced as described in the GS FLX Titanium, General Library Preparation Method Manual (October 2008; Roche Molecular Systems, Nutley, NJ). Fragment library binding to beads, titration, emulsion PCR, emulsion breaking, bead enrichment, and picotiter plate-based pyrosequencing were performed as described in the GS FLX Titanium emPCR and Sequencing Protocols (October 2008). The genomes for two strains, B473 (7571-2) and B475 (65/20LIT), were completely closed using PCR-based primer walking, Sanger sequencing, and an ABI 3730xl sequencer.
Genome assembly and annotation. Following pyrosequencing, the number of reads, the average read lengths, and depth of coverage for each strain were determined. The raw sequence reads for each strain were assembled into contigs by the use of a Roche/454 Life Sciences GS de novo Newbler assembler (version 2.0.00.20 or 2.0.01.14) and the default parameters except for minimum overlap identity, which was adjusted to obtain the fewest contigs. The assembled genomes were submitted to RAST (Rapid Annotation using Subsystems Technology; http: //RAST.nmpdr.org) for automated annotation (5) . Specific gene functions were inferred to be present in a genome if any region of a genome was inferred to be homologous to a region in another genome (see below) with the annotated function (34) .
Genome comparisons. The CGS comparative-genomics pipeline (8, 12, 14, 31, 32, 34) was used to identify homologous sequences among the genomes based on FASTA similarity statistics (55) . Annotated coding sequences (CDS) were clustered on the basis that all genes in the cluster must be connected by a network of good matches (single linkage/70% amino acid [aa] identity/70% length); however, for some analyses, these criteria were relaxed (see below). Nonannotated homologs were identified by a search of contig sequences for regions that matched annotated genes with at least 70% nucleotide identity over 70% of the length of the annotated gene. The result is a set of gene clusters each of which is either present or absent in each genome and may have multiple representatives from a given genome; clusters represented in all genomes are designated "core," and those remaining are designated "distributed."
NG. Two neighbor-grouping (NG) methods were used to examine the relationships of the strains (27) . The first is based on the similarity of phylogenetically informative gene content (PIGC), a modification of the fraction of distributed genes (FDG) statistic (32) , and the second is based on average nucleotide identity (ANI) (64) . Each statistic has a value between zero and one, and the distance statistic was reported as 1 Ϫ ANI or 1 Ϫ PIGC. ANI was calculated using the genes found in all genomes and nucleotide FASTA alignment (55) of each annotated CDS against each contig from each strain. PIGC was calculated by identifying all distributed gene clusters whose presence can be considered phylogenetically informative (i.e., present in at least two genomes and absent in at least two genomes). By limiting the calculations to phylogenetically informative gene clusters, this statistic places a greater emphasis on the relatedness of genomes (whether arising from clonal ancestry or gene transfer) than the FDG does. Furthermore, it focuses on the gene presence polymorphisms that are most likely to be biologically important, since genes can be absent from a single genome due to incomplete sequencing (particularly for the previously published genomes that are in many contigs), and the annotated CDS that are unique to a single genome are unlikely to be maintained in the bacterial genome by selection (75) .
Phylogenetics. All phylogenetic analyses were based on a set of 473 highconfidence multiple sequence alignments (MSAs), wherein each alignment contained one gene from each genome. These gene sets were constructed using the CGS comparative genomics pipeline (described above) and a 70% amino acid identity threshold for clustering MSAs. A gene was discarded if its constituent sequence was not aligned with each other sequence in the cluster over at least 70% of its length (i.e., minimum sequence overlap Ն 70% 30 March 2010] ) from translated lists of "cDNA" downloaded from the NCBI Genome website. If a single G. vaginalis core gene was identified in each outgroup genome, each gene being the best reciprocal BLAST hit to each G. vaginalis gene in the cluster, then the translated proteinencoding sequences were aligned using MAFFT (38) (version 6.489b; parameters "-maxiterate 1000 -geneafpair"). Alignments were excluded from further analysis if any two sequences within the alignment were not aligned over at least 70% of the length of each sequence. These alignments always had a mean residue pair (MRP) score Ͼ 0.87 according to the cooptimal multiple sequence alignment algorithm (45) (Perl script "COSv2.03.pl" provided by Giddy Landan). This resulted in 332 alignments which were back-translated to codon alignments, concatenated, and used for phylogeny reconstruction with PhyML 3.0.1 software (25) in which we employed an HKY substitution model in which the substitution rate corresponds to the equilibrium frequency of each target nucleotide and which uses empirically determined rates for transitions and transversions along with optimization of topology, branch length, and substitution parameters. (Phylogenies for individual core gene clusters were similarly constructed.) Congruence between gene trees and the whole-genome reference tree was evaluated for each reference clade individually by evaluating a rooted subtree of the gene tree, containing only the taxa present in the reference clade and its sibling clade in the reference tree. If any of these taxa were missing from the gene tree, the reference clade was not evaluated with that gene tree. The reference clade was accepted by the gene tree if it was monophyletic with strong bootstrap support (e.g., in excess of 190/200) in that subtree; the reference clade was rejected if there was strong bootstrap support for any clade that included a member of the sibling clade along with a member of the reference clade while also excluding a member of the reference clade. If monophyly was accepted or rejected with weak bootstrap support, the gene was not counted. If the parent clade was not monophyletic within the gene tree, then the subtree was rooted on the node analogous to the deepest possible node on the reference tree. Algorithms were implemented in Perl 5.8, using the BioPerl 1.6.1 libraries (66) . NeighborNet diagrams were generated by SplitsTree4 (36) .
Nucleotide sequence accession numbers. All genomic sequences have been deposited in GenBank (see accession numbers in Table 2 ).
RESULTS
Genome sequencing and assembly of diverse G. vaginalis clinical isolates. Twelve clinical isolates of G. vaginalis were selected to maximize heterogeneity of multiple factors, including clinical site of isolation (vagina and endometrium); comorbid conditions; patient symptoms; biotype; and Nugent score (Table 1) . Wholegenome shotgun sequencing was performed on each of these strains to an average coverage depth of 41ϫ (range, 25ϫ to 63ϫ), with average read lengths of 356 bases, using the 454 Life Sciences FLX Titanium platform (Table 2 ). Applying Lander-Waterman statistics (46) , this sequencing depth is predicted to provide Ͼ Ͼ99.99% coverage of each genome sequenced. Genomes were assembled by supplying the raw reads to the de novo assembler of Newbler, which produced a mean of 17 contigs (range, 9 to 28) per genome. Visual inspection indicated that most of the assembly gaps were due to repeat sequences in the genome. Subsequently, using standard PCR-Sanger sequencing-based gap closure approaches, we closed the genomes of two of the isolates, B473 and B475. Each of the genomes of these two strains contains a single chromosome with no evidence of episomal elements, as was observed for the previously published strains 14019 and 409-05 (78). We were not able to isolate plasmids from any of the other 10 sequenced strains in spite of repeated attempts (data not shown). All contigs in the 10 unclosed genomes had nucleotide composition (percent GC [%GC] ) and sequencing depths that were characteristic of their genomes. An alignment of these contigs against the four closed genomes, made with Mauve Aligner using default parameters (59), identified several contigs that did not correspond to any segment of the closed genomes; however, most of these unaligned contigs did align with contigs from other unclosed genomes in the study. None of the nonaligning contigs contained sequences that were homologous to known plasmid sequences, as tested with a BLAST search of GenBank, suggesting that episomal elements are rare or absent among G. vaginalis strains. All genomic sequences have been deposited with GenBank (see accession numbers in Table 2 ).
Extensive genomic diversity among G. vaginalis isolates. A broad overview of the relatedness of these 17 genomes is presented by a NeighborNet diagram (10) (Fig. 1) constructed from the concatenation of 473 high-confidence core gene multiple-sequence alignments (MSAs; see Materials and Methods). The NeighborNet algorithm is similar to the neighbor-joining treebuilding algorithm, but it also indicates where the distance matrix is not additive-possibly resulting from recombination between sequences-and presents this as a network with sequences represented by external nodes. Sequence divergence without recombination ideally results in a tree-like structure in the network, whereas recombination is expected to produce either star-like patterns (where all sequences are equally distant from each other) or reticulation (where one sequence is represented as a neighbor to two other sequences, despite those two sequences' genomes being distant from each other overall). The NeighborNet diagram suggests that there are two sets of strains (A and B) each composed of two groups (groups 1 and 2 and groups 3 and 4, respectively) within our G. vaginalis sample (color coded in Fig. 1 ). There is substantial divergence and very limited recombination between and among these groups, as indicated by the long branches separating the groups. However, two of the groups (groups 1 and 4 -represented by green and red labels, respectively) have branching patterns consistent with recombination within the group. All strains in all four groups were categorized as G. vaginalis on the basis of their being isolated from the human female reproductive tract, laboratory phenotype, and high similarity (ϳ98%) of 16S rRNA sequences to the G. vaginalis type strain (ATCC 14018) sequences. Interestingly, a phylogenetic tree of the 16S sequences also strongly supports the same four-group structure with slightly different topology (see Fig. S1 in the supplemental material).
Interspecies comparative genomic analyses revealed that the level of diversity among the 17 G. vaginalis strains was exceptionally high for a single bacterial species. This was determined by comparing the gene content diversity within G. vaginalis to that of 22 other bacterial species for which we could identify eight or more high-quality draft or complete whole-genome sequences ( Table 3 ). The G. vaginalis diversity is directly apparent from the summary data of the individual genomes; for instance, chromosome sizes ranged from 1.491 to 1.716 Mb, and chromosomal GC content ranged from 41.18% to 43.40% (Table 2) ; the variance in the latter parameter is greater than what has been observed for any of the other 22 species and three times the average variance (data not shown). Two of the 17 G. vaginalis genomes were excluded from some of the analyses, because they could not be considered to represent independent isolates. These duplicate genomes were unclosed, and each was essentially identical to a closed genome (Table 4 , gray boxes). Genomes B475 and B476 were isolated from the same patient at the same time, and those genomes are essentially identical, so we excluded B476. Likewise, strains 14019 and 14018 were submitted to the American Type Culture Collection by the same researchers (20) without documentation that they originated from separate patients; the primary difference between these two genomes is that the sequence for 14018 lacked 46 genes that were found in 14019, but this is likely an artifact of the 14018 sequence being fragmented into 145 contigs, meaning that these genes could exist in the unsequenced regions. Using our standard gene clustering parameters of 70% amino acid identity over at least 70% of the shorter sequence (34), which we have used for supragenomic analyses on more than two dozen other bacterial species, we identified only 746 core genes of 2,792 genes in the G. vaginalis supragenome (Table 3 , line 1). Annotations for a member from each core gene cluster can be found in Table S1 in the supplemental material. Not only does G. vaginalis display the smallest core genome of all species examined in terms of the absolute number of gene clusters, but it also has the smallest percentage of each genome that is core and the smallest percentage of the species supragenome that is core. The large size of the G. vaginalis supragenome relative to its core genome does not appear to be the consequence of an extremely high rate of new genes being acquired from outside the species, since individual strains had on average only 21 unique genes, representing just 1.6% of each genome on average (Table 5 ) (gene annotations are listed in Table S3 in the supplemental material), which is one of the lowest values seen for any bacterial species.
Even when we lowered the threshold for clustering genes to 50% amino acid sequence identity for the G. vaginalis strains (to ensure that high allelic divergence was not interpreted as representing differences in gene possession), we could still identify only 894 core genes of a total of 2,195 (Table 3, line 6), which still results in the smallest core genome by count and the third-smallest core genome by percentage compared to all other species core genomes (that were each calculated using the 70% identity threshold). Even using these asymmetric criteria, only Escherichia coli and Bacillus cereus (both of which have genome sizes 4 to 5 times larger) have a lower percentage of core genes.
We also observed that, even using this lowered stringency criterion for clustering, there were many gene clusters that were present in only one or the other of the two major strain sets (i.e., present in either set A, composed of nine genomes, or set B, composed of eight genomes). This indicates that each of these major sets of strains contains an expanded core genome that is specific to that set (Fig. 2a) . This type of core genome gene frequency behavior is absent from genome comparisons within all other bacterial species examined, including Staphylococcus aureus (Fig. 2b ) and even those with very large distributed genomes such as Bacillus cereus and Escherichia coli (see Fig. S2A and B in the supplemental material), and is seen only in mixed-species data sets such as a Identification of four genotypic clusters within G. vaginalis. Two different population-level processes could hypothetically produce the extremely high variability in gene content observed among the G. vaginalis strains: frequent horizontal transfer of genes from a single large G. vaginalis distributed genome (i.e., all strains are exchanging DNA with one another) or divergence of genetically independent populations with independent gene gains and losses. Gene transfer confounds phylogenetic analysis and may result in fairly homogenous genome properties regardless of the vertical relationships among the bacterial strains (62) . To test whether there is a robust structure of relatedness among these G. vaginalis strains, we applied the neighbor-grouping (NG) algorithm (8, 27) to both nucleotide and genic distance matrices (Table 4). This algorithm evaluates whether the distance between strains in each pair is smaller than the average distance for all pairs and creates single-linkage clusters of those genomes that are most similar (i.e., "neighbor group complexes"). By simply testing if it is possible to group genomes, this method avoids imposing preconceptions on the data, as can occur when tree-building methods are applied.
Application of the NG algorithm to the G. vaginalis genomic data set (using either nucleotide differences or gene content differences) robustly divides the isolates into the same two sets of strains identified by the NeighborNet algorithm whether using the 50% identity (Table 4) or 70% identity (Table 6 ) gene-clustering algorithm. Not only are the members of each neighbor group linked by a network of "valid neighbors" (distances that are more than 2 standard errors below the mean of all pairwise distances), but all pairs of isolates that have one member in each of the two sets of strains (i.e., one in set A and one in set B) are clearly not neighbors, since all distances between the strains in such pairs are more than 2 standard errors above the mean distance (Table 7) . Extensive sequence divergence within the species as a whole is reflected in the average nucleotide difference (1 Ϫ ANI) between pairs of genomes. For the 894 core genes (identified using the 50% clustering parameter), the average nucleotide difference within strain pairs that are not in the same group often exceeded the ϳ6% divergence ( Table 4 , top) that corresponds to the traditional species cutoff of 70% DNA-DNA reassociation (40) . Using the relaxed 50% clustering data, there are 1,301 distributed gene clusters of which 979 are phylogenetically informative (i.e., each was present in at least two genomes and absent from at least two genomes). When we looked at these informative distributed genes in strain pairs composed of strains from the two major TABLE 3 Genomic diversity among bacterial species a a Species are sorted by the size of the core genome as a percentage of the total number of gene clusters in that species. Various groupings of G. vaginalis strains are highlighted and bold. Sets A and B resulting from the first iteration of the application of the neighbor-grouping (NG) method are highlighted in blue, and groups 1 to 4 resulting from the second iteration of the NG algorithm are highlighted in green, with groups 1 and 2 belonging to set A and groups 3 and 4 to set B. The phylogenetic clade structure for G. vaginalis is identical to the NG group structure. The species with the greatest diversity (other than G. vaginalis) by each criterion are highlighted in yellow.
1 G. vaginalis genes were clustered at 50% amino acid identity, while other species and subsets of G. vaginalis were clustered at 70%. strains sets (A and B), it was observed that all such strain pairs differed in possession of Ͼ46% of these genes (Table 6 , bottom). Pairwise comparisons of distributed gene possession differences between strains in the two different strain sets (determined using the standard 70% clustering criteria) showed that the number of shared genes was often less than the number of genes not shared, leading to negative comparison scores (Tables 6 and 8 ). Such negative values have not been observed even for a single strain pair for any of the other bacterial species so examined (8, 12, 14, 32 , and 34 and data not shown). The average G. vaginalis values for these comparative parameters across all 136 possible strain pairs are presented in Table 9 .
Iterative use of the NG algorithm split each of the two major strain sets into two groups, after which it was impossible to confidently partition the groups any further, resulting in four final groups (each composed of the same strains identified by the NeighborNet analysis): group 1, consisting of B472, B473, B474, 14019, B477, and B478; group 2, consisting of B482 and B513; group 3, consisting of B512, B479, and B483; and group 4, consisting of B475, AMD, 409-05, and 5-1. Looking only at strain pairs within each of the four groups (colored boxes in Table 4 ), the average nucleotide difference for all such strain pairs was within the range for traditional species; however, looking at the distributed genes for strain pairs composed of members from different groups even within the same set (either A or B) showed that they all differed in possession of Ͼ30% of these noncore genes.
This set and group structure is also apparent in a neighborjoining tree constructed from the PIGC distances (Fig. 3) . Likewise, the divergence of the two major strain sets is evident in comparisons of the two individual set core genomes to the 15-strain core genome, resulting in highly significant increases in size (47.5% and 33% for sets A and B, respectively) ( Table 3 , bluehighlighted rows). Splitting each of these sets into groups 1 and 2 and groups 3 and 4 (green-highlighted rows) resulted in further core genome size increases of Ͼ7% for all groups relative to their parent sets. Similarly, there is a significant reduction in the supragenome size of each set, and again for each group, compared to the overall 15-strain supragenome. The percent increases in the sizes of the core genomes going from 15 strains to sets is characteristic of moving from a family-level view to a species-level view, and the increase associated with the second-level split is typical of going from a genus compilation to a species compilation (14) . Finally, the resulting ratios of core genome size to supragenome size for the individual groups are more typical of the single-species data sets in our analysis than is the ratio for the entirety of the G. vaginalis population. The independence of each of the four groups is also evident from examining their genomes at a global level. The range of genome sizes and GC contents within each group, compared to the 15-strain total, is much lower (Table 10) , with the exception of the genome size for one strain (B475) in group 4 that is an outlier because of a major deletion (Table 2 and data not shown). It can be seen that the GC range for the entire strain assemblage is 2.22% (far greater than has ever been reported for a single species), but the greatest range for a group is 0.44% for group 3, which is typical of the diversity level seen in most species.
Phylogenetic examination for evidence of horizontal gene transfer among G. vaginalis strains. The neighbor-grouping results indicate that there is not a high level of horizontal transfer of distributed genes among the four G. vaginalis groups identified by both the NG and NeighborNet analyses. Likewise, the differences in nucleotide composition among the core genes of these four groups indicate that there is little recombination among the core genes. To test if these four groups-defined by differences in gene possession-are genetically isolated with respect to their core genomes, we examined the degree of congruence among the phylogenies of the core genes.
A reference phylogeny was constructed based on 332 core genes that exist as a single copy in each of the 17 G. vaginalis strains used in this study plus four Bifidobacteriaceae genomes used as out groups: Bifidobacterium bifidum; B. animalis subsp. lactis; Scardovia inopinata F0304; and Parascardovia denticolens F0305. These gene clusters were then back-translated to codon alignments, concatenated, and used for phylogenic reconstruction with PhyML 3.0.1 (25) (Fig. 4) . The resulting topology had strong support at all nodes (SH [Shimodaira-Hasegawa]-like branch support ϭ 1) and resulted in two major clades (clades A and B), each composed of two substituent clades (clades 1 and 2 and clades 3 and 4, respectively) whose topology exactly recapitulated the branching pattern of the groups identified by the NG method. Phylogenies constructed from higher-quality alignments (182 alignments with a minimum sequence overlap of 90%; MRP Ͼ 0.97) had the same topology but slightly shorter branch lengths, with support for the clade containing B473, 14019, and 14018 dropping to 95%.
To examine the extent of horizontal gene transfer between the major clades (A and B) and the four substituent clades (clades 1 to 4) revealed by the phylogenetic analyses, we constructed phylogenies for each individual gene cluster and counted the number of genes that strongly supported or rejected the monophyly of each clade relative to its sibling clade (bootstrap Ͼ 190/200 (Fig. 4 , node labels). The clade A structure, containing clades 1 and 2, was rejected by only 7 of 227 alignments (i.e., those representing species that were likely to have experienced HGT); clade 1 was rejected by 21 of 234 alignments and clade 2 by only 5 of 300. These very low levels of rejection of the consensus topology could reflect either a small amount of HGT between clades or stochastic errors in the phylogenetic inference. Similar results were observed for clade B as a whole in that only 8/136 genes rejected the consensus topology. Looking at the subsequent branches, in clades 4 and 3, respectively, again only 12 of 304 and 14 of 240 gene phylogenies rejected the consensus topology. Thus, it appears that there is very limited HGT between clades. However, there is strong evidence of high levels of HGT within 3 of the 4 numbered clades: in clade 3, almost half of the alignments that produced a strong signal (95/ 205) rejected the consensus clade of B512 and B479; in clade 4, 41/303 gene trees rejected the 5-1/409-05 consensus clade; in clade 1, 85/273 genes rejected the B477/B478 branch; and also in clade 1, the B472 branch was rejected by 94/259 gene trees. Only in clade 2, consisting of only two strains, was there an appreciable lack of evidence of HGT.
For Fig. 4 , the analysis was limited to gene clusters with at least 80% minimum sequence overlap (MRP Ͼ 0.88), and only clades supported by at least 190/200 bootstrap replicates were evaluated. The ratio of support to rejection for each clade was robust with respect to modifications of the method, including raising the minimum sequence overlap to 90% (MRP Ͼ 0.95) and bootstrap support to 200/200. To include genes that did not have homologs in all genomes without introducing biases from the uneven distribution of genes, we tested each group using only those gene clusters that contained one sequence from each genome in both that group and the sibling group (i.e., representing a core cluster for the parent clade), and an outgroup sequence was present to allow rooting of the parent clade. If the parent clade was not monophyletic, then it was rooted on the node analogous to the deepest node on the strain phylogeny. This allowed us to test for recombination between the sibling groups without the confounding effect of different genes having different sets of possible topologies. Still, the results were robust with respect to variations of this requirement, including requiring that the parent clade be monophyletic; requiring the gene clusters to be present in all 21 genomes (i.e., Bifido- bacteriaceae core genes); or allowing sequences from outside the parent clade to reject monophyly of the group being tested. Some biotype markers correspond to genotypic clusters. All genomes in group/clade 1 were annotated as containing an operon with a lacZ gene (EC 3.2.1.23); a three-component ABC-type sugar transporter; and an ␣-L-fucosidase. Whereas these genes were core to clade 1, they were absent from all strains in the other three clades (see Table S2 in the supplemental material). The ␣-Lfucosidase gene in other bifidobacteriaceae has been associated with the ability to degrade both glycans and mucins (4), and it is therefore possible that this enzymatic activity provides for invasion through the mucosal layer, accounting for group/clade 1's association with endometritis (Table 1) . Importantly, Turroni et al. have associated this enzymatic capability with foraging of hostderived glycans (73) . Also core to this taxonomic grouping, but absent from the other three groups, are two operons containing transcriptional regulators associated with sugar metabolism: one is an NagC/XylR type and the other is a LacI type. These operons contain multiple other genes annotated as being involved in galactose and arabinose metabolism, suggesting that this clade has specialized by the acquisition of additional carbohydrate utilization mechanisms. The finding of the lacZ gene in this group is of particular interest in interpreting G. vaginalis diversity, since a ␤-galactosidase assay has traditionally been used to classify G. vaginalis isolates into biotypes (being positive in biotypes 1, 4, 6, and 8) (56). Our biotype data (Table 1) demonstrate that all isolates from these biotypes-except B477-tested positive on the ␤-galactosidase enzymatic assay, while no other isolate tested positive. For the isolates sequenced by others, ATCC 14018 is reported to be ␤-galactosidase positive (http://www.ncbi.nlm.nih .gov/protein/308234929), while the biotype of ATCC 14019 is not available. These facts indicate that a positive test for ␤-galactosidase activity may be an informative, but imperfect, test for the presence of these lacZ homologs and the associated genomic properties of the group/clade 1 G. vaginalis. Furthermore, fermentation of galactose and arabinose has been proposed by Benito et al. as an additional criterion for biotyping (6) . In the population described in that study, fermentation of arabinose and galactose generally cooccurred with a positive test for ␤-galactosidase activity, a finding which our genomic data support.
Group/clade 2 is distinguished by the unique possession of a serine endopeptidase, ScpC, which is a recognized virulence factor in the streptococci that is associated with destruction of host chemokines, resulting in loss of signaling for polymorphonuclear cells (30) . In addition, this group contains other proteases, including an HtpX homolog not found among the other three groups. Groups/clades 3 and 4 (clade B) both appear to contain EbpS, a cell surface elastin binding protein that is not found in the other major split. However, only in the clade 3 strains was it annotated as such. By using a BLASTX approach, we identified in clade 4 a core gene with similar structure by reducing the clustering stringency to 50% aa identity over 50% of the shorter sequence, as these genes did not cluster using our standard within-species clus- tering algorithm (34) . This gene encodes an enzyme which in Staphylococcus aureus has been characterized as a virulence factor associated with intercellular matrix degradation of the host (54) . Clade 4 also contains a unique core operon associated with allantoin utilization which may provide it with a unique scavenging/ foraging ability absent in the other strains. Thus, each of the clades contain its own unique core genes which are predicted to provide either unique metabolic capabilities which could be associated with niche specialization or virulence factors providing for invasiveness. It is important that the vast majority of the clade-specific core genes for all clades are currently unannotated.
Vaginolysin shows evidence of recombination between groups. Recently, it has been reported that G. vaginalis possesses a member of the cholesterol-dependent cytolysin gene family, vaginolysin, that is species specific for human cells and encodes a pore-forming toxin that binds to the CD59 human complement regulatory molecule (63) . It is believed that the action of this gene product along with proteolysis causes the breakdown of tissue and production of putrescine, resulting in the characteristic odor associated with BV. The G. vaginalis vaginolysin (vly) gene has been implicated as an acute virulence factor (21, 57) , and we identified it as a core gene. However, this gene was distinctive as one of the few genes that rejected the broad phylogenetic relationships that we described above. To examine this more closely, we constructed a NeighborNet diagram based on the aligned amino acid sequences of this gene ( Fig. 5) . The reticulate structure connecting sequences from groups/clades 1, 2, and 4 indicates a history of recombination among these genomes at this locus, with intragenic recombination breakpoints; only group/clade 4 retains its distinct identity at this locus. In addition to the split-tree analysis, a breakpoint analysis on the vaginolysin cluster was also performed using HyPhy version 2.0 (3, 41) software. Both AIC and AIC-c criteria showed a breakpoint at position 920 in the trimmed vly gene cluster alignment. Using the same software, the KishinoHasegawa test indicates that this breakpoint is likely due to recombination at a P value of 0.01. Association of G. vaginalis groups with specific clinical conditions. Four of the five independent endometrial isolates belong to group/clade 1; however, the numbers are too small to provide statistical significance. This is also the group that contains the ß-galactosidase gene and the other genes associated with carbohydrate metabolism, raising the possibility that individual groups have proclivities for particular ecological niches within the human female reproductive tract.
DISCUSSION
It is clear that G. vaginalis as a species displays a wide range of clinical and metabolic phenotypes. Some G. vaginalis strains are members of the normal vaginal flora, where they are not associated with clue cells and BV, whereas others have been identified as major etiological agents of BV, where they are associated with overgrowth relative to the rest of the vaginal microflora, particularly the Lactobacillus sp. (7, 48) . In addition, certain biotypes have been more highly associated with BV than others (9); however, this observation has been called into question (49) . More recently, G. vaginalis has also been linked to endometritis and a number of otherwise sterile site infections, including cases of vertebral osteomyelitis with discitis, pelvic arthritis, and bacteremia (1, 44, 52, 65) . Phenotypic variability has also been documented in terms of enzymatic function, with some strains characterized as producers or nonproducers of ß-galactosidase, sialidase, or lipase (49) . Thus, it would appear that there exists within the G. vaginalis species a wide range of phenotypes, in terms of both metabolic capabilities and disease association. Due to its importance in normal vaginal ecology, reproductive pathology, and invasive disease, we performed genomic and comparative genomic analyses on a diverse set of 17 strains to determine if there were significant allelic and gene content differences among the strains that could possibly account for the various observed phenotypes and to determine if there was a phylogenetic substructure present within the species.
If we start with the assumption that all the strains that are typed as G. vaginalis are a single species and then perform genome-wide comparisons among the strains, we are confronted with a number of unusual aspects compared with all other bacterial species that have been examined to date. First, it is observed that the %GC range of the core genes (1.78%) is more than 3 times greater than that of the next most diverse species, Pseudomonas aeruginosa (0.52%), which has an average genome size approximately four times that of G. vaginalis and is known to take up DNA from many other species (39) . Next, it is observed that G. vaginalis possesses the smallest core genome, calculated by three different criteria, of any of the two dozen bacterial species for which there are eight or more high-quality draft or complete genomes available for comparative analyses. G. vaginalis has the lowest number of core genes (n ϭ 746), with the next smallest core genome belonging to B. burgdorferi, consisting of 1,008 genes. The average percentage of each G. vaginalis genome that is core is also the lowest (51.6%), with E. coli having the next smallest percentage (65%). Finally, the G. vaginalis core genome is the smallest as a percentage of the supragenome (27%), with E. coli and B. cereus being the next most diverse, with 35% of their supragenomes being core. These observations are all the more surprising because the individual G. vaginalis genomes are very small (mean ϭ 1.59 Mb), whereas all of the other species with the most highly variable genomes have genomes 3 to 4 times as large. Looking at another metric, the average gene possession differences for all possible pairs of G. vaginalis strains is 740; this is 81% to 150% higher than for all other bacterial species examined at this level of detail, including the highly recombinogenic H. influenzae (n ϭ 395) (34) , Streptococcus pneumoniae (n ϭ 407) (32) , and Staphylococcus aureus (n ϭ 296) (8) . Moreover, as a percentage of genome size, the G. vaginalis gene possession difference data are even more striking, as the average genomes of those other species are 17%, 32%, and 78% larger, respectively. In addition, G. vaginalis displays the highest degree of genomic plasticity in the pairwise comparison score, which is defined as the similarity score (genes in common) minus the difference score (genes not in common). Almost 50% of G. vaginalis strain pairs have a negative comparison score, meaning that they have less than 50% of their genes in common, and yet no other species has a negative comparison score for even a single strain pair. Surprisingly, in spite of the extremely high average degree of gene possession differences among the G. vaginalis strains, as a species it contains a relatively low percentage (9.8%) of unique genes (those present in only a single strain) compared to other species. For example, H. influenzae, which has a similar size genome, has unique gene complements that account for 17% of the species supragenome. This suggests that a high proportion of the G. vaginalis distributed genes are fixed in the population and may be providing important survival or virulence traits as opposed to be being orphan genes that are not providing the bacteria with an evolutionary advantage (70); however, we cannot rule out the possibilitiy that some of the genes that are important in host-pathogen interactions may be recently introduced orphan genes from other species that have not yet had time to become fixed in the population.
These diversity data, combined with the common clade and group structure supported by multiple independent analysis methods, including standard phylogenetic analyses, neighbor grouping, NeighborNet, genome size, and GC content, robustly demonstrate that there is very minimal HGT between groups/ clades and provide a strong argument for separating the four clades/groups into individual species.
Core genome analyses can also be used to infer which strains form natural taxonomic groupings. Within a species, for example, the number of core genes decreases very slowly after the first several strains have been added during a supragenome analysis (8, 12, 14, 32, 34, 70) . Thus, if the addition of a new strain results in a significant (Ͼ5%) decrease in the size of the core genome, it is suggestive that the newly added strain may belong to a separate species, as has been shown among the streptococci (14) . Conversely, if the addition of a strain from what is thought of as a separate species to another species core genome does not result in a significant reduction in the core genome size of another related species, it is likely that the two species are actually one and the same, as has been observed for B. cereus and B. anthracis (Table 3 , line 4). Supragenome analysis of G. vaginalis as a single species results in very large drops in the size of the core genome as different groups/clades are added; thus, by this high-level comparative genomic measure, it was also possible to divine the same substructure as was identified by the phylogenetic and multiple other similarity analyses discussed above.
The extraordinarily high degree of genomic plasticity observed among the 17 G. vaginalis strains evaluated in this study is supportive of the distributed genome hypothesis (8, 12, 16, 18, 19, 31, 32, 35) and suggestive of very extensive horizontal gene transfer (HGT) mechanisms being active, but only within the individual groups, as alternative mechanisms for the creation of such highly mosaic genomes are unknown. For HGT to produce such extensive mosaicism among the strains of a species, their colonizations and/or infections must be polyclonal in nature (at least in some cases). We do not have definitive proof of polyclonality at a single time point, but the fact that we were able to obtain three genomically distinct strains (B513, B482, and B483) obtained serially (14 May 2008, 16 June 2008, and 6 August 2008) from a single patient suffering from metronidazole-resistant BV certainly suggests that two or more strains may have been present simultaneously. Further, the observation that two of these strains (B513 and B482) are much more closely related than the average strain pair in terms of both distributed gene possession differences (n ϭ 125 versus x ϭ 608) and the PairUnique parameter (n ϭ 68; this value is 4 SD above the x ϭ 4.77) is consistent with, although not proof of, the hypothesis that one of them may be a progenitor of the other which evolved via one or more HGT events from one or more donors such as has been observed for pneumococcus (32) . Future detailed gene-by-gene comparisons of these strains should be able to resolve this question.
These studies represent the first detailed genomic and comparative genomic analyses, both intraspecific and interspecific, performed for this important pathogen. Our observations support the hypothesis that individual strain differences, manifest in the realization that the current G. vaginalis species might more accurately be split into four species, may underlie the collective strains' association with a wide range of clinical conditions.
